C erebral morphometry provides a useful biological end point for assessing treatment effects in clinical trials but can be labor-intensive and time-consuming. 12 As the number of large, multicenter clinical stroke trials increases, a need exists for a quick and simple method for measuring cerebral volumes, including infarction size. A method based on brain computed tomographic (CT) scans is preferable because most multicenter trial sponsors cannot afford to require magnetic resonance imaging (MRI) for large groups of study patients.
Exquisite detail can be observed on modern imaging systems, and cerebral structures can be quantified using pixel classification schemes from CT or MRI. 3 Generally, a trained operator must outline specific regions of interest because pixel densities of many structures are similar (for example, cortex and central gray structures).
1 -2 Another problem with image density methods is that, to perform pixel counts, the images must be collected and projected using standard protocols. 3 In a multicenter clinical study, image background artifact, density scale parameters, and other machine variables will vary across the study sites. Another approach, manual tracing, also allows quantification of cerebral volumes but is even more time-consuming than semiautomated pixel classification.
We wanted to develop a method for analyzing brain images that was suitable for use in large, multicenter clinical trials. We desired a system that could be applied to filmed images because of the increasing difficulty in obtaining raw image data on magnetic tape due to cost reform in the healthcare industry and the use of nonstandardized, magneto-optical storage methods. Furthermore, we planned for the very real logistic barriers to standardized image collection: variance in slice thickness, window scale parameters, and other machine settings. To avoid a requirement for a highly trained computer operator/image analyst, we designed a simple method based on well-accepted stereological principles. 47 We tested our method on a sample of CT images using evaluations from three neurologists with knowledge of neuroanatomy who did not have prior image analysis experience.
TABLE 1. Clinical Characteristics of the Two Study Groups
Stereological counting grid superimposed over a brain image. This photograph was taken from the display screen of our system. The square lattice grid is superimposed videographically and is calibrated so that the grid lines are 1.5 cm apart. The grid Intersections are counted: each point falling inside the skull is allocated to one of several compartments. All grid points falling on or outside of the skull are ignored.
Subjects and Methods
We selected 32 male stroke clinic patients at the San Diego Veterans Administration Medical Center between 1987 and 1992. There were 14 patients who were enrolled in our clinic because of the presence of multiple risk factors but who had never suffered symptoms of stroke or transient ischemic attack. These patients were designated as the control group. An 
Vtest.
additional 18 patients were selected because they had suffered at least one stroke confirmed by the senior author with history, examination, CT brain imaging, and neurovascular examination including carotid ultrasound, angiography, or both. To eliminate any confounding effects of edema, all stroke patients were studied at least 2 weeks after their most recent cerebrovascular event.
Brain CT scans were obtained between 2 weeks and 3 years after stroke without contrast enhancement on a GE8800 or GE980O scanner using routine clinical imaging parameters, many of which varied over the course of the study. In general, the slice thickness was 10 mm for images above the tentorium and 5 mm through the posterior fossa. The images were photographed onto radiographic film using a standard format. If a patient underwent multiple examinations, the most recent .002
ICV indicates intracranial volume; CBM, cerebellum and brain stem; CSF, sulcal cerebrospinal fluid (nonventrlcular); NS, not statistically significant; and NA, not applicable because control subjects exhibited no lesions. Hemisphere Includes all compartments except CSF.
Absolute volumes for each of the nine cerebral compartments measured are summarized. Values shown are means and SEs for each group and statistical significance of the differences (independent paired f test, two-sided). The variances in the ICVs were quite large, so although the mean ICV was 100 mL smaller in the by guest on October 23, 2017 http://stroke.ahajournals.org/ Downloaded from scan available was used for this study. The CT scan films were obtained and placed on a transillumination base under a black and white video camera. Each image was videographed, including the internal calibration marks, and stored on a fixed magnetic disk for later analysis. Using the Optimas Image Analysis System (Bioscan, Inc), we opened each image file sequentially and adjusted contrast and gain controls for optimum display. This program runs under the WINDOWS operating system on any personal computer equipped with a central processing unit of 80386 or better. Using a mouse, we manually traced the inner skull table on each image, after which the computer calculated the area contained within the traced intracranial space. On some subtentorial slices, there were two or three areas of intracranial content to trace, and these were summed. Next, we videographically overlaid a single-lattice square grid onto the image (Figure) ; the interpoint distance was 1.5 cm based on pilot studies and published nomograms. 7 ' 8 Each grid point that fell within the intracranial space was assigned to one of the following compartments: cortex, white matter, deep gray structures (thalamus, striatum, caudate), brain stem/cerebellum, ventricle, extracerebral fluid space, and infarction. The compartment boundaries were determined using a standard atlas of CT anatomy. 9 If a grid intersection fell on a boundary between two compartments, the point was assigned to the compartment contained in the square to the upper right of the grid intersection. 10 The computer program automatically summed the points as they were collected and entered the totals for each slice in a spreadsheet.
The data for each patient were summarized using standard stereological methods. 4 -7810 For this study, the intracranial volume was calculated using the method of Cavaleri as described by Weibel. 10 The intracranial area (A) from each image was multiplied by its slice thickness (t) to obtain the slice volume (V). The total intracranial (ic) volume was the arithmetic sum of all the slice volumes: Vic=XVslice. The sum of all grid intersection points falling on each compartment (Pi) was computed, and the total number of points falling in the intracranial space was computed as the sum of all the points falling in all compartments: Pic=SPi,slice. The intracranial volume density for each compartment (Vv[ic]) was computed as the ratio of all grid intersection points falling on that compartment divided by the sum of all grid intersection points falling on all intracranial structures: Vv(ic)=Pi/Pic. The vol- ume density for each compartment in the cerebrum (Vv[ce]) was computed similarly, using for the denominator the sum of all points falling on a cerebral structure other than ventricle, infarction, or extracerebral fluid space: Vv(ce)=Pi/Pce. The Vv(ce) is useful for measuring the proportion of cerebrum subsumed by each compartment, whereas the Vv(ic) can be used to calculate the absolute volume of each compartment:
Each patient was examined by one of the authors, and the following tests were administered: National Institutes of Health Stroke Scale (NIHSS), 11 the Barthel Activities of Daily Living Index, 12 and the Rankin Global Outcome Scale. 13 In addition, basic demographic data were recorded on each patient. Stroke subtype was determined retrospectively by applying the criteria developed by the TOAST Investigators Group 14 without reference to the CT scans so that the subtype classifications would not become tautological. Demographic variables were summarized for both groups. The stroke scale scores were compared with the compartment volumes using Spearman's rank correlation coefficients. A subset of 7 patients (3 control and 4 stroke) was selected at random for a study of interobserver agreement using intraclass correlation coefficients. 15 To allow prediction to future studies, we considered the judges to be a random effect in this experiment. 15 Each CT scan was evaluated by all three observers without knowledge of the findings of the others.
The standard approach for determining the grid size was applied to the first 9 patients studied (5 control and 4 stroke). Using a large grid size (interpoint distance of 2.0 cm), we acquired point counts and computed the coefficients of error using the published formula. 7 Next, we reduced the grid size in 0.5-cm decrements and repeated the measurements until the error was minimized. We found that the largest grid size that produced the minimum error was 1.5 cm. We then studied all the scans with this grid size and summarized the results below.
Comparisons between the groups were tested for statistical significance using x 2 te st for ordinal variables and one-way ANOVA for the volume data.
Results
The patient groups were relatively well matched with respect to basic demographic variables, although some differences may have gone undetected due to a type II .02 stroke group, this difference is not statistically significant. On the other hand, the absolute volumes of the lesioned cortex, white matter, and deep gray structures were significantly smaller than those of control subjects. The cerebrum is the sum of all of the intracranial structures except CSF spaces, so it too measures significantly smaller than in control patients; the values for cerebrum are shown here for comparison to other published results. To partially correct for the experimental variance in the cerebral volumes caused by the variance in the skull size, we computed the compartment volumes relative to the cerebrum and the ICV. Table 1 ). The age and risk factor profiles are consistent with those seen in the population of patients encountered in stroke prevention centers. About 50% of the stroke patients had a history of stroke before the event for which they were being studied, while none of the asymptomatic patients gave a history of remote events (P<.01).
Preparation of the scans for analysis (digitizing the filmed images, labeling diskettes) required about 20 minutes per scan. Tracing the intracranial areas and point counting required an additional 40 minutes in general, although the observers did not record precise start and stop times. Synthesis of the raw data into summary work sheets and calculation of the ratios and descriptive statistics required an additional 10 to 20 minutes per scan.
The morphometric data are summarized in Table 2 . The intracranial volume was comparable in both groups, about 1350 mL. The cerebral compartment volumes are given as absolute volumes and as volume density ratios. In the control group, the total cortical volume was approximately 576 mL, and the total brain volume (not including cerebrospinal fluid [CSF] spaces) was about 1250 mL. In the stroke group, intracerebral volume was reduced by about 175 mL compared with the control group (P<.001). Cortex was reduced in the stroke group by about 80 mL (/ ) <.01) and the white matter by a similar volume (P<.01). The deep gray compartment was 8 mL smaller in the stroke group (P<.01). The infarction volume in the stroke group was 55 mL, so the total reduction in cerebral volume exceeded the volume of visible infarctions. Total CSF volume increased by about 23 mL, but this difference was not significant.
The volume density measurements reveal a somewhat different picture (Table 2 ). Relative to the total cerebral volume, lesioned cortex volume density was not significantly decreased from the control value of 58%. The white matter and deep gray volume densities were significantly smaller than in the control group, and the infarction volume was about 6% of the cerebrum. In the third section of Table 2 , the volume densities are presented relative to intracranial volume, a method that may reduce the variance due to different skull sizes among the study population. Again, significant reductions in volume density of the white matter and deep gray were found (P<.01). The relative sparing of cortex in this group of stroke patients suggested that perhaps we had selected patients with relatively small infarctions, ie, lacunes, for study. However, the distribution of infarction types using the TOAST investigators' criteria included 11 cardioembolic, 1 lacunar, and 6 infarctions of unknown cause. 14 The observer agreement on cerebral compartment volumes was generally very good, as shown in Table 3 . Tracing of the intracranial area, which is the largest volume on each image, was particularly reproducible (intraclass correlation coefficient of .87). Structures with well-defined borders (white matter, infarctions, ventricles) also showed good correlation coefficients. Cortex volume was also reproducible, although not as well as the three just mentioned. We did not reliably measure the volume of deep gray structures or cerebellum/brain stem. Correlation coefficients were higher after the volume density ratios were computed (data not presented). As before, the highest correlation coeffi- cients were obtained from well-demarcated compartments; deep gray structures were particularly difficult to measure reproducibly. Also, the poor reproducibility of the brain stem/cerebellum and sulcal CSF compartments was not improved by the ratio method.
The relatively poor reproducibility of some compartments could have been due to the random selection of older CT scans, which were obtained on an earlygeneration scanner that produced less well-defined compartment borders. Therefore, we selected another five CT scans that were the most recent images available and which were obtained on a fifth-generation machine. Two observers rated all scans, and intraclass correlation coefficients were computed. This time the coefficients were improved: cranial volume, 0. The stroke patients were all mildly impaired, with NIHSS scores of 5 on average (range, 1.5 to 11). Similarly, most patients had a relatively independent function, indicated by a median Barthel Index score of 87.5 (range, 55 to 100) and Rankin score of 3.0 (range, 0 to 5).
We compared the outcome scores to the absolute volumes of the cerebral compartments in the 18 patients with stroke. There are a large number of comparisons, so the testing of the significance of the correlations is presented with caution. Table 4 shows the correlation coefficients among the compartment volumes and the stroke scales. As expected, the three scales correlated very highly with each other. 16 In the first section of Table 4 , we compared the absolute volumes to the scale scores. The NIHSS correlated with the volume of white matter (r=.54, P<.05), but none of the other scales could be related to any one compartment volume. We examined the right-and left-brain lesioned subjects separately and found that NIHSS was very highly correlated with the volume of white matter in the left hemisphere (r=.94, P=.O1). In the second section of Table 4 , we compared the compartment volume densities with each stroke scale to correct for variance due to individual differences in skull size. Both the cortex and white matter volume densities appeared to correlate with the NIHSS. The Barthel Index was significantly correlated with the total volume of infarction (r=.52, P<.05) but not the total cerebral or hemisphere volume.
Discussion
We have demonstrated the utility, reliability, and validity of a rapid, new method for measuring volumes of structures from routine brain CT scans. The method is based on well-established stereological principles that have been in neuroanatomic use for many years. 1722 In stereology, a grid of points is laid over the image representing a sampling probe of the tissue compartments. The probability of a point falling on a compartment is directly proportional to the volume of that compartment. There are several advantages of the stereological sampling approach over more traditional tracing methods or pixel classification schemes. First, the point-counting grids can be adapted to any clinical problem simply by adjusting the grid size and number of scan sections based on available nomograms. 5 ' 7 For example, if more detailed information is desired about separate nuclei in the basal ganglia, one would apply finer grids to thinner sections using a scanning sequence that clearly demarcated the boundaries of the structures in question. Our own method might be improved by using such a smaller grid for structures that are relatively smaller. The second advantage is simplicity and reproducibility. 5 In general, point counting is considerably less time-consuming than manual tracing. 6 During manual tracing, a trained operator must decide at each pixel around the image profile where to move the cursor next. Outlining a large structure such as cortex may require hundreds of decisions per structure on each slice. On the other hand, in our experience only 10 to 15 grid points were classified per slice to reproducibly measure the cortex. During collection of the point counts, any number of structures can be measured simultaneously. A third advantage of point counting is that no advanced computing algorithms are required, as in threshold analysis and pixel classification. 23 In fact, clear mylar counting grids could be laid over the CT scans directly and point counts tabulated by hand. 22 In a study of postmortem brains, Henry and Mayhew 22 found that repeatedly counting 30 to 60 test points per hemisphere resulted in volume estimates of cerebrum with a coefficient of error of less than 4%. Obviously, semiautomated data collection greatly speeds the collection and analysis of data, but the computer is only used to record the data, not to generate it. This independence from specific machine algorithms allows the data to be collected from filmed images, without the need for threshold analysis of the original data matrix. Therefore, as long as the point counts are obtained from image profiles with clearly demarcated boundaries, results across multiple centers should be highly reproducible and are by definition independent of specific algorithms. Furthermore, plain film images of routine sections using any known slice thickness or scanning protocol can be used.
We discovered a number of predictable limitations of our method. Because we used scans obtained many years ago in some cases, we did not have the best possible images. In particular, we encountered difficulty differentiating deep gray nuclei from surrounding structures (Table 1) . When we studied the five most recent scans, the correlation coefficients increased markedly. As expected, structures that were too small to appear on CBM indicates cerebellum and brain stem; CSF, cerebrospinal fluid; CT, computed tomography; and MRI, magnetic resonance imaging. Volumes are given in milliliters. Values in the literature for some of the cerebral volumes measured are tabulated. The first row shows results from a study that used CT scans to estimate volumes but only used a portion of the available slices. In the second row, the previous authors' data were recalculated to a 12-slice study for better comparison to our data, which are displayed in the bottom row.
*Used only 7 slices, n=11, ages >61 y.
more than one or two slices (thalamus, basal ganglia)
were measured with larger variance. If these structures were the object of study, a scanning protocol using thinner slices would be optimum. 8 Despite these limitations, the method as described here appears to be most useful for the compartments that will be of interest in clinical trials: cerebrum, ventricle/CSF space, and infarction.
To simulate actual practice, we did not pretrain the three observers for this study, although each is an experienced neurologist. Rather, we relied on their practical experience in evaluating routine brain CT scans. It is clear from the intraclass correlation coefficients (Table 3 ) that the observers did not agree in the identification of cortex. The discrepancy cannot be attributable to the size of the compartment, for the cortex is generally as large a compartment as the white matter. Therefore, the poor agreement must be due to a problem with identifying the boundary of the compartment. From inspection of the raw data and reexamination of some scans, the discrepancy could be attributed to the preference of observer 1 to classify points close to the skull table as cortex, not as sulcal CSF, while observers 2 and 3 took the opposite bias. However, all observers' estimates of cerebral cortical volume fell within the estimates available in the literature, and observers l's estimate of 576 ±26 mL is very similar to data obtained using stereological methods on fresh postmortem specimens. 8 After the observers met to agree on criteria for identifying cortex, the correlation coeficient increased to 0.88 (95% CI, 0.99 to 0.30), a highly significant result. Again, however, the highest correlation coefficients were obtained for those structures with well-defined boundaries: intracranial volume, infarction, and ventricle.
Statements about the validity of our method require comparison to known volumes obtained by a "gold standard" method, or prediction of other related variables such as stroke scale scores. Unfortunately, we are not aware of any published gold standard method for computing compartment volumes. Data from fixed postmortem brains are subject to error due to shrinkage rates of 30% to 60% and to different rates of shrinkage among the compartments. 2426 Nevertheless, in 1989, data very similar to ours were published using fixed postmortem brains. 8 The mean age of the 30 patients in this study was 71 years, and the absolute volumes are shown in Table 5 . Our volume estimates of cerebrum, cortex, and white matter are close to these results, but they did not measure deep gray structure volumes. Obviously sulcal CSF volume could not be estimated after death.
A promising gold standard for compartment volumes is MRI scanning. One of the most rigorous algorithms available was developed by Jernigan et al, 3 and it incorporates correction factors for section misalignment, misorientation of the brain in the scanner, and other sources of error. Pixels are classified using a combination of operator designations and threshold analysis. Data on elderly normal subjects have not yet been published by this group, but data on a group of 58 normal patients (age range, 8 to 79 years) are available. 3 Interobserver reliability ranged from .84 to .98. Absolute volumes are not given, but cortex was 52% of the supratentorial space, about equivalent to our value of 41% of total intracranial space. White matter and fluid space compartments were also very similar to our results. Table 5 also shows limited data from selected other studies. Our estimate of the intracranial volume of 1400 mL is consistent with MRI data, as are our estimates of cerebrum and central gray volume. There is considerable variation in previous estimates of CSF volume, reflecting the changes induced in this compartment by many conditions, including normal aging. Thus, our data are comparable to the best estimates currently available.
The utility of our method was illustrated by comparing two groups of patients relatively well matched for stroke risk factors (Table 1) , other than the observation that the stroke group had a history of stroke or transient ischemic attack before the occurrence of the index event that first brought them to our attention. Lesion volume in these patients was 55±16 mL (Table 4) or 5.9±1.6% of cerebrum. Absolute volumes of cortex, white matter, and deep gray structures were significantly reduced in the stroke group (Table 2 ), but when expressed as volume densities relative to total cerebral volume, the only significant volume changes were detected in the white matter and infarction compartments. These results suggest that the stroke group suffered tissue loss in most if not all compartments, but that proportionally more tissue was lost from the white matter. Unfortunately, without prestroke CT scans, we cannot determine whether the tissue loss we measured was due to the stroke or to chronic small-vessel ischemia that may have been undiagnosed. The data further suggest that measuring infarct volume only may underestimate the true extent of the tissue loss in a group of stroke patients. Pannecrosis occurs only in regions of severely reduced blood flow, but lesser degrees of neuron loss without cystic cavitation occur in a potentially much wider zone around the area of visible infarction. 2728 The true extent of the all the ischemic injury, acute and chronic, is appreciated if all relevant cerebral compartments are measured.
The validity of a measure can also be demonstrated if it tends to predict other measures that are thought to relate to the same underlying construct. 29 Thus, cerebral compartment morphometry ought to relate to functional outcome if both relate to the underlying status of the patient after ischemic brain damage. Because our study contained the usual mixture of stroke subtypes that might be encountered in a typical clinical trial, we did not expect to find highly significant correlations. All three outcome scales tended to correlate with each other, and the highest correlation coefficient was between the Barthel Index and the Rankin Scale, as nearly all other groups have found^6- 3034 When the volume densities were expressed relative to total cerebral volume, both the cortex and white matter compartments correlated significantly with the NIHSS (Table 4 , bottom). Absolute volumes did not tend to predict any of the scale scores, although white matter volume was correlated with the NIHSS (r=.54, P<.05, Table 4 , top). This may support the idea that in this small sample of patients, proportionally more tissue was lost from the white matter. On the other hand, a larger study of a more carefully stratified sample should be done to draw firm conclusions regarding the prediction of scale scores from absolute cerebral volumes. The lack of better correlation between morphometric variables and the Barthel Index and Rankin Scale can be attributed to the fact that we did not standardize any of the time intervals between stroke and CT, between stroke and functional assessment, and between CT scan and functional assessment. It is also possible that these variables measure complementary but dissimilar aspects of patient status and are not inherently correlated. This point will require considerable further investigation.
We have devised a stereological method for measuring cerebral compartment volumes that is suitable for clinical trials. The method is simple, reliable, and valid for the planned purpose. For other purposes, such as detailed study of brain-behavior relationships, other methods are more appropriate. 3 Our method is more apropos for use in a clinical stroke trial that seeks to obtain relatively few morphometric measurements from a very large number of patients 8 and in which CT scanning protocols cannot be rigidly proscribed due to budgetary or other logistic constraints. Particularly attractive features are that the method is independent of any specific image analysis algorithm and can be applied to plain film images without reference to the raw data matrix.
